No-till (NT) reduces runoff, but increases infiltration and macropore flow, compared with conventional tillage (CT). Because it controls traffic and creates a unique surface microtopography, we hypothesized that ridge tillage CRT) would alter water entry and distribution in the soil profile. Therefore, a field study using 5-yr-old NT and RT plots was conducted on a Monmouth fine sandy loam (fine-loamy, mixed, mesic Typic Hapludult) in Maryland. Corn (Zea mays L.) plots in a corn-soybean [Glycine max (L.) Merr.] rotation were studied for 2 yr. Soil sorptivity, determined by runoff from simulated rain, was 2.83 cm h-" z on NT and 1.33 cm h"" 2 on RT. Runoff began 26.3 min after rain began on NT vs. 7.2 min on RT. Also, NT retained more soil water than RT plots in 1991, when June to October rainfall was 290 mm. With 440 mm of June to October rainfall in 1992, depletion of water by corn was greater in NT than RT. The corn canopy funneled rain toward the corn row, largely offsetting interridge runoff in RT while the corn was present. Therefore the horizontal distribution of water was relatively uniform in RT soil, but water was concentrated in the corn rows in NT. After corn harvest in 1991, a dry period produced an upward water potential gradient in RT from -18 kPa in the furrow to -35 kPa on the ridgetops, but a downward gradient in NT from -10 kPa near the surface to -25 kPa at 80 cm deep. The results suggest that RT may decrease water infiltration in the crop row, especially after harvest, compared with NT.
1976). The mobile water residing or flowing through macropores interacts primarily with soil immediately surrounding the macropores. Thomas and Phillips (1979) showed that drainage begins immediately following large storms on NT fields having ample macropores. In tilled soils in which the upper 15 to 30 cm has been disturbed, deep flow also occurs quickly, but to a lesser extent than under NT.
"Short circuiting" (Bouma et al., 1981) of soil water by macropores open to the soil surface can have dramatic impacts on nutrient transport, depending on the fertilizer timing and placement (Czapar et al., 1992) . Germann et al. (1984) compared conventional (plowed and harrowed) tillage to NT and noted that the final profile water distribution in CT was approached within 2 d. Soils with macropores open to me soil surface had wetting fronts that moved an average of 1 cm min" 1 and the final water distribution was approached within 1 d. One reason for longer lag times in reaching final water distribution in plowed soils is the need for saturation of the plowed layer before water moves into larger pores existing below the plowed layer (Baker and Hillel, 1990) .
Alternative tillage technologies may be needed to both reduce soil erosion and limit groundwater contamination. Ridge tillage is becoming increasingly popular among farmers in Corn Belt states, where research has shown that it can provide economic and agronomic advantages over NT and CT (Selley and Eisenhauer, 1987; Dhuyvetter and Henson, 1990) . One advantage of RT over NT is that the microtopography created by the ridge furrow system allows the soil to dry and become warmer faster (Cox et al., 1990) . Ridge tillage was first promoted in the midwestern USA for its advantages on poorly drained soils, but in recent years has also gained acceptance for conservation of highly erodible soils (Soil and Water Conservation Society, 1990; Mclsaac et al., 1991) . Cox et al. (1992) reported that RT generally produced greater corn yields with lower equipment costs than either NT or CT on both well-drained and poorly drained sites in New York. Ridge tillage is a conservation tillage practice in that the soil remains undisturbed from harvest to planting and has a residue cover of 30 to 50% when used in continuous corn production (Randall, 1987) .
Litde information is available in the literature on water movement in RT soils. To evaluate the potential of RT as a practice to conserve water, minimize runoff and erosion, and reduce leaching of solutes from agricultural land, more needs to be learned about the movement of water in this system. Concentration of water in the furrow is one important phenomenon characteristic of ridged fields (Saffigna et al., 1976) . Hamlett et al. (1990) used newly constructed ridges approximately 20 cm high and 76 cm apart to compare water infiltration and percolation in RT and CT soils. No crops were grown and all plots were covered after rainfall simulation events to minimize evaporation or addition of natural rainfall. The microtopography created by RT caused water to run off the ridge into the furrow when rainfall exceeded the infiltration capacity. The hydraulic gradient created increased percolation in the untracked furrow zone to rates similar to those of flat, just-tilled CT. Where potato (Solarium tuberosum L.) was grown on ridges (not RT as defined here), Saffigna et al. (1976) observed that stemflow in the potato canopy directed water to the ridge tops, counteracting the tendency of most of the water falling on the ridges to run off and infiltrate the soil in the furrow. Little information is currently available in the literature comparing vertical and horizontal water distribution in established RT and NT crop fields. Clay et al. (1994) speculated that water preferentially infiltrated ridge tops in RT soils in their study as a result of the slits made in the soil by fertilizer injection.
In RT, permanent traffic lanes are established, limiting soil compaction to the same furrow each year. Since the major portion of the soil in RT systems is left uncompacted, rooting density would be expected to increase, at least in the nontrafficked area, along with yield (Fausey and Dylla, 1984) . Liebig et al. (1993) defined three RT soil zones with distinctly different physical properties, the ridge, the trafficked furrow, and the nontrafficked furrow. The greatest variability in physical properties among these three zones occurred at a depth of 7.5 cm. Bulk density, soil strength, aggregate mean weight diameter, and water-holding capacity were highest in the trafficked furrow and least in the ridge. The greater bulk density in the trafficked row was evident to a depth of 30 cm. Saturated hydraulic conductivity (^T sat ) was lowest in the trafficked interrow. These differences in soil properties were probably enhanced by silty and clayey textures, which allowed the soil to compact more easily than would coarser textured soils. Thus the effect of soil zones in RT is site specific.
The objective of this field study was to describe and compare two-dimensional water movement in the upper 1 m of RT and NT soil planted to corn. To obtain information characteristic of the two tillage systems, we used plots that had been managed in RT or NT for 5 yr prior to the experiment.
MATERIALS AND METHODS
The experiment was conducted at the Chesapeake Bay Foundation's Clagett Farm Center 13 km southeast of Washington, DC, near Upper Marlboro, MD. The study was initiated in a nearly level 2-ha field with 5-yr-old demonstration plots in a corn-soybean rotation. The landform position was a sideslope with <2% grade. The soil is a Monmouth fine sandy loam, which is moderately well drained. The main plots in this study were managed with NT (20 by 50 m) and RT (40 by 50 m). In both years of this study, we used only the plots planted to corn. Specific areas for instrumentation were selected after visual inspection for uniformity of crop growth, soil type, and soil surface conditions. All instrumentation was placed in nontrafficked interrows in both tillage systems.
Preplant fertilizers were broadcast at a rate of 83 kg ha~' N, 36 kg ha" 1 P, and 69 kg ha' 1 K. Corn (Pioneer 3142) was seeded to achieve a stand of 65000 plants ha' 1 in rows 76 cm apart with a Buffalo Ridge Till Planter (Fleischer Manufacturing, Columbus, NE). The NT plots were treated with glyphosate [AKphosphonomethyi)grycine] at 5 L ha~'. The RT plots received no herbicides, but were cultivated on 28 May and 10 June in 1991 and on 24 May, 8 June, and 16 June in 1992. Weeds that germinated in or around the instrumented areas after the last cultivation were clipped off at the soil surface. Corn was harvested by hand on 14 Sept. 1991 and 20 Oct.
1992.
A pit was dug just outside the experimental area in one of the RT plots to obtain undisturbed soil samples from below nontrafficked interrows, and for soil profile characterization (Table 1 ). Many macropores created by both flora and fauna extended >1 m deep into the profile. At the 75-to 90-cm depth, the soil had very weak structure, which coincided with the lowest ATs., values (0.04 cm h~').
During excavation of the soil pit on 16 Mar. 1991, undisturbed soil cores 5.6 cm long by 5.6 cm in diameter were taken vertically at various depths using a Uhland core sampler (Blake and Hartge, 1986) . At each of five horizontal positions (directly under each ridge, midway between each ridge and furrow, and directly under the furrow), the soil was sampled with the middle of the cores at five depths (15, 30, 45, 60, and 75 cm) . Cores were also taken from the 90-cm depth but the two positions midway between the ridge top and the furrows were omitted from this depth, thus giving a total of 28 samples 
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SOIL SCI. SOC. AM. J., VOL. 60, JANUARY-FEBRUARY 1996 from one corn interrow. Depths were measured from the top of the ridge. Soil samples were trimmed flush with the end of their aluminum cylinder, fitted with plastic caps, and refrigerated at 4°C until analysis. Selected physical properties were determined on these samples, by the methods indicated below, with the results presented in Table 1 as means averaged across horizontal positions for each depth.
Soil Physical Properties
The initial weight of each core was recorded prior to saturation and the cores were then saturated by wetting from the bottom for 24 h. Saturated hydraulic conductivity was determined by ponding 3.6 cm of water on top of each core under constant-head conditions. After a 6 to 8 h equilibration period, outflow was measured for 15 min for the coarser textured samples and for 60 min for the finer textured (75-and 90-cm depths) samples. From these measurements, Jf M was calculated using Darcy's equation.
Following KM determination, soil water retention by desorption was determined for each core at matric soil water pressure values of -5.0, -40.0, and -100 kPa using a tension table apparatus with a hanging water column (Topp and Zebchuk, 1979) , fritted glass funnels with compressed air (Klute, 1986) , and a pressure plate apparatus, respectively. Soil cores were then dried and weighed to determine bulk density. Soil water retention was expressed in terms of volumetric water content using the bulk density of the individual cores for the conversion.
Field Study
We report on the soil water aspects of a study that included two fertilizer placement treatments for RT and one for NT; therefore, although the fertilizer placement treatments are not relevant to the data reported here, the number of subplots used was twice as great for RT as for NT. The study also included 1-m 2 subplots for suction lysimeter placement and deep soil cores. Each subplot was 1 m long and 1 m wide and arranged so that two adjacent corn rows were located 15 cm inside the plot and parallel to the sides. In all there were two replications of the tillage treatments, each containing two subplots for tensiometers and four subplots for lysimeters and core sampling. Infiltration measurements reported here were taken from all subplots, but water potential data are from the tensiometer subplots only. The instrumentation in the other subplots is mentioned here because the presence of lysimeters and bentonite-sealed coring holes affected the surface area available for infiltration, and this effect was considered in the statistical design (see below).
Sets of vertical tensiometers (Gaussion et al., 1990 ) were installed in a 1 by 0.76 m area after the last RT cultivation. Tensiometers were constructed using 5-cm-long and 2.5-cmdiam. high-flow ceramic 100 kPa cups epoxy glued to PVC tubes of various lengths. A drop-hammer insertion device was used to create a hole having the same diameter as the tensiometer to the desired depth. A slurry made from 0.08-mm silica dust and water (1:1 silica dust/water) was poured into the hole before the tensiometer was inserted to ensure good soil to tensiometer contact. After insertion of the tensiometer, the upper 5 cm of the hole was enlarged slightly for addition of bentonite to eliminate preferential flow of water down the side of the tensiometer. A 1.0 by 0.76 m array of tensiometers was installed consisting of five tensiometers at each of five depths as measured from the NT soil surface or top of the ridges in RT (15-90 cm, in 15-cm intervals), installed 19 cm apart along a transect perpendicular to the corn rows bordering one nontrafficked interrow. Tensiometers were monitored manually using a digital readout pressure transducer (Marthaler et al. (1983) . Total matric potential was calculated with the gravitational component referenced at the top of the ridge or the surface of the NT plot while neglecting osmotic potential effects. Ridges were approximately 8 to 10 cm high (as measured from ridge top to furrow), so that tensiometers in the RT plots were approximately 4 to 5 cm shallower than in the NT plots with respect to the original flat soil surface.
Reading of the tensiometers was initiated on 4 July 1991 and continued at approximately weekly intervals through 1 Mar. 1992 the first year and from 4 July 1992 through 5 Jan. 1993 the second year. Missing values on several occasions resulted from water in shallower tensiometers freezing and cracking the tensiometers. The cracked tensiometers were replaced as soon as possible.
One groundwater well was installed under each main (tillage) plot in 1991 and two wells were installed under each main plot in 1992. The wells, made of 5.0-cm-diam. PVC, were 5 m deep and screened for the bottom 1.5 m to allow groundwater to enter. The wells were installed from outside the 1 by 0.76 m plots containing tensiometers at a 16° angle so as to intersect the unconfined water table directly below the plots containing the tensiometers. The wells were backfilled with coarse sand around the casings, and sealed between 30 and 15 cm from the surface with bentonite. The phreatic surface was measured monthly by a conductivity probe on a calibrated cable.
Natural rainfall events from July 1991 to March 1992 and July 1992 to January 1993 were recorded by a weather station, located 100 m from the plots, giving precipitation information every 30 min. In addition to natural rainfall, a simulated rain from a device capable of raining on a 1-m 2 area with median drop size and drop impact potential similar to those of natural rain (Meyer and Harmon, 1979) was used to obtain information on infiltration, runoff, and percolation under more controlled conditions. The rainfall simulator was used to apply water to each subplot for 1.6 h at an intensity of 2.8 cm h '. This type of storm has a return frequency of <2 yr at this location. The rainfall simulation was carried out 2 wk after corn harvest (28 September through 1 October) in 1991. The time from start of rain to onset of runoff, and the time to accumulate each successive liter of runoff was recorded. Infiltration rates, based on the difference between simulated rainfall rate and collected runoff, were fitted to the equation of Philip (1957) to calculate sorptivity as follows:
2 ), and A is a hydraulic conductivity parameter.
Statistical Analysis
All statistical analyses were carried out using the SYSTAT computer package (Wilkinson, 1990) . Tensiometer data were graphed by depth to show the trends for one complete 9-mo sampling cycle. Distance-weighted least squares regression analyses were used to produce smoothed curves (McLain, 1974) . Repeated measures analysis of variance was used to determine temporal water content differences. Because when all dates were considered together, no significant differences existed among horizontal sampling positions, these were combined to create a more powerful test to compare RT and NT in the repeated measures analysis used for Fig. 2 and 6 . For individual dates, the mean water potentials for RT and NT were plotted in two dimensions as contour plots smoothed by the same distance-weighted regression technique cited above.
Tensiometer data were subjected to repeated measures ANOVA in order to determine the effects of tillage on water at various depths and time periods. Infiltration parameters for each plot were estimated by fitting the infiltration data to Eq.
[1] by nonlinear regression. These parameters were determined by nonlinear regression separately for each subplot, with individual IP values ranging from 0.77 to 0.99. The infiltration parameters from these regressions were analyzed using a splitplot design, with tillage treatments as main plots and types of instrumentation installed (i.e., tensiometers, lysimeters, or soil cores) as subplots. This design allowed any effects of subplot instrumentation to be removed from the error term.
RESULTS AND DISCUSSION
Surface soil physical properties influenced the amounts and rates of water infiltration into the soil. Table 2 shows that the time from simulated rainfall initiation to the start of runoff was significantly longer in the NT than the RT plots. Soil sorptivity was approximately twice as great for NT as for RT. Greater infiltration in NT plots probably resulted from higher surface residue mulch and the undisturbed macropore system in NT plots as well as the steep-sided ridges in RT, which reduced surface storage. Upon integration of Eq. [1] with time equal to 96 min, we calculated that 97% of the total rain on NT and 38% of the total rain on RT infiltrated during the entire period. The difference in infiltration rate was no longer significant by the end of the simulated rainfall period.
Water Redistribution from July 1991
to March 1992 Figure 1 shows the rainfall distribution for the 1991 and 1992 growing seasons. In June of both years there was unusually little rainfall and the soil was quite dry going into July. In order to describe the redistribution patterns of infiltrating water, the study period was divided into three periods with different hydrologic characteristics resulting mainly from differences in the presence of corn actively growing on the plots. The three periods, shown in Fig. 2 , are from 4 July 1991 to 14 Sept. (soil water depletion by corn); from 14 Sept. to 21 Nov. 1991 (soil water recharge after corn maturation); and 21 Nov. 1991 to 1 Mar. 1992 (continuously near or above field capacity).
The NT soil had significantly less negative water potentials during the first two periods, especially at the 60-and 75-cm depths (Fig. 2) . Repeated measures analysis of variance was performed for each depth in each of the three periods. In Period 1, when corn affected water redistribution by evapotranspiration and stem flow effects, significant differences (P < 0.05) between RT and NT occurred at all depths except 90 cm. The existence of a flow-limiting layer (K^ = 0.04 cm hr~') at 90 cm, together with corn uptake of water, may have confined water penetration to <90 cm. Even with the greater water infiltration in the NT plots, water did not percolate to greater depths during this period. 
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SOIL SCI. SOC. AM. J., VOL. 60, JANUARY-FEBRUARY 1996 After corn harvest, deeper percolation did occur. The NT plots were significantly wetter than the RT plots (P < 0.05) during Period 2, the period of water recharge. Water potential in NT and RT plots during Period 3 was significantly different only in the surface layer. Compared with the RT plots, reduced evaporation allowed the mulched NT plots to stay wetter. The approximately 5 cm higher reference depth for the RT plots may also have had some effect. Parkin and Codling (1990) observed that a corn canopy concentrated as much as 49% of the total rainfall in the corn row. On 27 July, after 26 mm of rain in the preceding 2 d, the soil water potential was distributed vertically and horizontally as shown in Fig. 3 . In the NT plots, the funnel effect of the corn canopy, which concentrated rainfall down the corn plant stem, increased the water content under the corn row, compared with the interrow. The effect of stem flow in the RT plot was apparently partially offset by interrill flow into the furrow. The result was the formation of a nearly horizontal wetting front as stemflow increased the vertical water potential gradient in the ridge and interrill flow increased the gradient in the furrow. The concentration of water infiltration near the corn row could not have been caused by fertilizer injection slits as suggested by Clay et al. (1994) because fertilizer was not injected in our study.
Because more water was conserved from rainfall in the NT than the RT plots, the redistribution trends for the two tillage treatments were often quite different. For example, on 27 July 1991 water potential gradients in the NT plots were in a net downward direction while in the RT plots movement was toward the 60-cm depth (Fig. 3) . Although no root measurements were taken, the smaller size of corn plants at this stage in the RT plots suggests that corn rooting depth on this date was less in the RT plots, resulting in more water remaining at the lower depths. Upward movement of water from the water table probably did not play a role in the increasing matric potential at lower depths in the RT plot since the water table occurred at a depth of 4.5 m during this period.
When corn was not present (i.e., after harvest) the matric potential profiles became quite different from those just described. Figure 4 shows total matric potential values on 10 October, and is typical of the second period, that of soil water recharge (a total of 105 mm of rain fell during the previous 15 d). Without evapotranspiration causing upward water redistribution, the matric gradients in the soil are the main factors causing water movement. The 80-to 100-cm depth in NT with its low K^t value is the only part of the profile having pressure values less than -20 kPa. Water pressures between -25 and -30 kPa occurred at approximately the 60-cm depth in the RT plots and 90 cm in the NT plots. Figure 5 shows the water distribution on 16 October after 7 d during which no rain fell. The NT plot remained relatively unchanged during this time (compare to Fig.  4) , except that the steepness of the gradient at the lower depth decreased due to percolation of water already present. The RT plots, however, showed important changes near the surface. During this week the ridges became drier while the furrow stayed relatively wet. This redistribution of water supports the hypothesis that ridges tend to become drier more quickly than flat NT soil (Stone et al., 1989) . It also suggests that surface roughness was not responsible for the increased infiltration on the ridge tops seen in Fig. 3 because the enhanced infiltration on the ridges was no longer observed once the corn canopy was removed (Fig. 4 and 5) .
During the third period, soil conditions were constantly RIDGE-TILL NO-TILL son (1949) as the wetness of the soil at which the net downward flow of water under the force of gravity has ceased. The phreatic surface was observed to be in excess of 3 m, indicating that it again played no significant role in the movement of water in the upper 1 m of soil. At times when the soil is at or above field capacity (more than -20 kPa) in all depths, there may be some lateral flow of water above the B horizon.
Water Redistribution for 4 July 1992 to 5 January 1993
Rainfall for the 1992 growing season (Fig. 1) was not limiting to corn growth and soil water was never depleted to the extent that it was in 1991. Compared with 1991, rainfall was greater (141 mm) before initiation of tensiometer sampling. Figure 6 shows, by-soil depth, the temporal trends of the total potential. The soil in the : ^ " -- 1992-1993 sampling period was wetter at initiation of tensiometer readings than in the previous year. In 1992 the entire measured soil profile (0-100 cm) was near field capacity after mid-September. Therefore we divided the 1992 season into only two periods for analysis. In contrast to 1991, the NT plots in 1992 were drier than the RT plots at all depths. The relatively dry condition in the interrow area in the NT plot on 6 July (Fig. 7) , 4 d after a week during which 51 mm of rain fell, was probably a result of the channeling of rain down the corn stalk, as discussed above. The RT plot had a more homogeneous water distribution, with most of the profile near field capacity. From mid-July to mid-August, corn uptake of water from below the 60-cm depth was greater in the NT plots, as indicated by the increasing magnitude of the difference in water potential between the RT and NT plots (Fig.  6 ). It is not completely understood why the NT plots were drier up to corn harvest. While grain yields were not different between the two tillage systems (data not shown), the NT corn appeared to have more leaf area than the RT corn early in the season (no leaf area measurements were made, however). Therefore, water use may have been greater, especially deeper in the profile, in the NT than in the RT plots. Significant differences (P < 0.05) in wetness between RT and NT during the growth of the corn crop were observed for the 30-, 45-, 75-, and 90-cm depths. The 60-cm depth, being the argillic horizon upper boundary, was influenced both by water moving up from the lower horizons in response to evapotranspiration-caused gradients and by water moving down in response to the gravitational component of total soil water potential. This boundary area at 60 cm caused high variability in both NT and RT, and therefore no NO-TILL HORIZONTAL POSITION, (cm) significant difference among treatments was detected at this depth.
CONCLUSION
Rainfall was the main factor affecting temporal trends in water content and redistribution in both RT and NT. Evapotranspiration and tunneling of rainfall by corn leaf structures also played significant roles in determining the redistribution of water in the profile. The higher sorptivity of the NT plots caused them to wet more rapidly man RT. The NT plots were wetter throughout the profile during the relatively dry (290 mm of JuneOctober rain) growing season in 1991, but drier than the RT plots during the wetter (440 mm of June-October rain) 1992 season. The effects of the microtopography of RT were offset while corn was growing because of the concentration of water on the ridges by stem flow. However, after corn harvest, the ridge-furrow system concentrated water in the furrow and consequently the ridge became drier (a factor that would be important during seeding time because drier soil warms faster). Drying of the ridge tops might also induce upward movement of solutes during dry periods, possibly affecting the leaching of potential pollutants. Therefore, RT may have potential as a tool for controlling the patterns of water flow during the fall and winter recharge period. This study investigated only the nontrafficked rows. Further work should examine the trafficked rows as well.
